We present microstrip patch antenna loaded with multiple split ring resonator substrate and superstrate. We analyze how the loading of split ring resonator superstrate and substrate can improve the bandwidth compared to the simple microstrip patch antenna and microstrip patch antenna loaded with split ring resonator superstrate. Another important observation is made for multiple split ring resonator loading in superstrate and substrate of microstrip patch antenna. The design is compared for two, three, and four-ring split ring resonator loading. The designs are also compared for different gap spacing between the rings. All three designs are compared for small gap and large gap between the rings. The design results in the form of reflection coefficient and bandwidth is presented in this manuscript. The design results are also compared with previously published designs.
Introduction
Microstrip antennas are popular for their compactness and low weight. They are used in several wireless applications like mobile communication, GPS, Wi-Fi, Wi-Max, etc., because of these advantages. [1] [2] In spite of these advantages, microstrip antennas are not used widely because of low gain and low bandwidth. The need for high gain and broadband microstrip antennas have been increasing in past decade. One of the solutions to increase the bandwidth and gain in microstrip antennas is addition of different types of superstrate structures. The fundamental effects of superstrate-substrate on microstrip antennas have been investigated to maximize gain and increase efficiency. [3] Superstrate has been used to reduce the mutual coupling between the radiating elements. This reduction in mutual coupling in turn increases antenna directivity. [4] Efficiency and bandwidth can be enhanced with the use of superstrate cover in millimeter wave transceiver integrated structures. [5] High gain and high efficient superstrate antenna has been designed for 60 GHz indoor communication. The superstrate antenna gives very high efficiency of 76% and high gain of 14.6 dBi. [6] Metamaterial superstrate has been used to increase gain and bandwidth in microstrip patch antennas. [7] 1 digitalcommons.unl.edu Metamaterials are the artificial materials. They have some unusual properties like negative permittivity and permeability which natural materials do not have. [8] Split ring resonators and thin wires have been the metamaterial components to achieve negative permittivity and negative permeability, respectively. [9] Improvement in antenna bandwidth gain can be achieved using metamaterials. Researchers have been working on metamaterial-based antenna designs for improvement in gain and bandwidth. [10] [11] [12] One of the ways to improve the bandwidth and gain is metamaterial superstrate loading in antennas. [7] Metamaterial inspired superstrate has been used to increase gain microstrip patch antenna. [13] High directive antenna has been designed with metamaterial superstrate for Ku band. Metamaterial superstrate has been made up of two metalic grids and foam slices. [14] A high gain wideband antenna has been designed with single layer metamaterial superstrate. The metamaterial is designed to have zero refractive index to enhance the gain of the antenna. [15] Tunable metamaterial superstrate has been used in antenna for beam steering applications. Omega shaped metamaterial unit has been added in antenna as superstrate. [16] The modified split ring resonator superstrate has been used to enhance the efficiency of the antenna by 17%. The gain of the antenna has also been improved using modified split ring resonator superstrate. [ 17] Directivity and bandwidth of the microstrip antenna has been enhanced using metamaterial superstrate. [18] Reflective metasurface has been used as superstrate to enhance the gain and bandwidth of microstrip patch antenna. [20] Metamaterial-inspired superstrate and substrate has been used to improve the bandwidth. [21] Gain enhancement has been done in microstrip patch antenna with metamaterial superstrate. [22] Gain has also been enhanced in antenna array with high index metamaterial superstrate cover. [23] 
Microstrip patch antenna design
The design of simple microstrip patch antenna and its results is presented in this section. The microstrip antenna is meandered at the edges to increase the bandwidth of simple patch antenna. [2] Meandering the nonradiating edges will increase the current path in the microstrip patch antenna. The meandered microstrip patch antenna design is presented in Figure 1 . The rectangular shape microstrip patch antenna with dimensions 40 mm 2 × 25 mm 2 is meandered at edges to improve the bandwidth. [2] The substrate is 50 mm 2 × 35 mm 2 size with a thickness of 1.5 mm. The patch and ground parts of the proposed antenna are made of copper. The substrate is composed of a dielectric material FR4 with its permittivity 4.4. The edges of the copper patch are meandered with 9 mm 2 × 8 mm 2 and 1 mm 2 . 5 mm 2 slits to improve the bandwidth as shown in Figure 1 . The electrical size of the antenna is 0.5λ × 0.3λ which is better compared to 0.75λ × 0.75λ [20] and λ × 0.6λ. [21] The results of the meandered patch antenna are presented in Figure 2 . The minimum S 11 that is achieved by this design is −15 dB. The maximum bandwidth is 360 MHz with center frequency 8.5 GHz. The bandwidth needs to be improved further. This can be achieved by loading the simple patch antenna design with metamaterial superstrate and substrate. The metamaterial loading and its results are discussed in section 3.
Multiple split ring resonator loaded design
In this section, we are going to discuss the modeling of split ring resonator metamaterial loading in superstrate and substrate of microstrip patch antenna design. Multiple split ring resonator is loaded in superstrate and substrate of simple microstrip patch antenna. Three types of multiple split ring resonators (two ring, three ring, four ring) are used as metamaterial loading.
The periodic array of interspaced conducting nonmagnetic split ring resonators and thin wires can exhibit a frequency region in the microwave regime with negative effective permeability and permittivity. [9] We are interested only in the split ring resonator, which can exhibit negative effective permeability. The split ring resonator unit cell and its equivalent circuit is presented in Figure 3 . The copper rings of split ring resonator induce inductance and the gap between the rings induces capacitance. The equivalent induced inductance is shown by L and can be calculated by the split ring wire length and its thickness. The total series capacitance between the rings is shown by C s . The inductance per unit length of two rings can be calculated from Equation (1) and the series capacitance from Equation (2) [19] : 
where, μ 0 is the permeability of free space (μ 0 = 4π × 10 −7 NA −2 ), a is the ring width, g is the split gap, b is the ring length, ε is the permittivity of the material, t is the thickness of the split ring. In this paper, the dimensions are chosen to be: a = 1 mm, g = 2 mm, b = 6 mm, t = 1.3 mm. The resonance frequency of SRR is given by f = (LC s ) −1/2 /2π, where C s is the series capacitance of the upper and lower halves of the SRR, i.e. C s = C/4. The equivalent circuit analysis can be extended to multiple SRRs shown in Figure 1(c) . The series capacitance C s of the split ring resonator with three rings can be calculated from the mutual capacitance between the rings C 12 and C 23 , and it is equal C s = (C 12 + C 23 )/4. The series capacitance Cs of the split ring resonator with four rings can be calculated from the mutual capacitance between the rings C 12 , C 23 , and C 34 , and it is equal C s = (C 12 + C 23 + C 34 )/4.
The split ring resonator is loaded in the simple microstrip patch antenna as shown in Figure  4 . Here two-ring split ring resonator is loaded in microstrip patch antenna substrate and superstrate. Same way three-ring split ring resonator and four-ring split ring resonator are also added in the microstrip patch antenna. Two-ring SRR, three-ring SRR, and four-ring SRR are shown with different gap spacing between the rings in Figure 5 . Here total six variations have been shown in the figure. All six variations are loaded one by one in microstrip patch antenna, and designs are The results for microstrip patch antenna with and without SRR is shown in Figure 6 and compared in Table 1 . The simple microstrip patch antenna has minimum S 11 of −15 dB compared to SRR design with small gap having minimum S 11 of −32 dB. The bandwidth of simple microstrip patch antenna design is 360 MHz .The bandwidth is enhanced using SRR design with small gap to 980 MHz. The comparison of superstrate and substrate SRR design with small gap and large gap is shown in Figure 6 . The design with small gap has better bandwidth compared to the large gap design.
We have also simulated the designs with three-ring SRR and four-ring SRR for different gap spacing and the results are shown in Figure 7 -8. The design results of three-ring SRR superstrate and substrate loading is shown in Figure 7 for two different gap spacing. The minimum S 11 is −32 dB for small gap design. Maximum bandwidth is 400 MHz for the small gap design. The design results of four-ring SRR superstrate and substrate loading for different gap spacing is shown in Figure 8 . The maximum bandwidth is achieved for small gap design with 590 MHz. The comparison of all the designs (simple patch, superstrate, and substrate-loaded designs) with previously published design [7, 20, 24] is presented in Table 2 . From the comparison, it is clear that the design with two-ring SRR superstrate and substrate loading (small gap) has the maximum bandwidth of 980 MHz. The gain of an antenna is equally important parameter while designing any antenna. We have simulated the gain polar plot of the SRR loaded substrate and superstrate patch antenna and simple patch antenna. The design results have been shown in Figures 9 and 10 for SRR loaded patch and simple patch antenna, respectively. It is clear that by introducing SRR loading in the simple patch the gain of antenna is enhanced from 1.9 to 3.4 dB. There is 75% increase in gain in SRR loaded patch antenna compared to simple patch antenna. 
Conclusion
We conclude that loading of multiple split ring resonator in superstrate and substrate improve the bandwidth of the simple microstrip patch antenna. The results of the design also change with variation in gap size of the multiple split ring resonator. The small gap design gives better performance compared to the large gap design. The design results are also compared with the previously published designs from [7, 20, 24] . The current superstrate and substrate-loaded designs have better performance compared to all old designs. The bandwidth is enhanced from 360 to 980 MHz. Reflection coefficient is also improved from −15 to −32 dB. There is still further chance of improvement in the results by adding more superstrate layers. The current antenna design can be fabricated by etching the copper multiple split ring resonators in the superstrate and substrate.
